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ABSTRACT
Carbon Monoxide Sensing of Nickel Oxide at 1000 ℃ to 1200 ℃ for in situ
Combustion Control: Behavior, Mechanism, and Application
Yi Wang
An advanced smart sensor network is essential to a combustion system, which is in favor of in situ, locally
placed, and low-cost gas sensors. However, most chemical/electrochemical sensors fail to work in a
combustion boiler, due to the demanding working temperatures (> 1000 ℃). This work for the first time
reports a well-functioning mixed-potential type CO sensor at 1000 ℃ - 1200 ℃ using nickel oxide (NiO)
as the sensing material. The influence of feed gas flow rate, electrode thickness, and porosity on sensor
behavior is investigated, delivering notable and fast responses to 1000 ppm in 3% O2: 109 mV @1000 ℃,
40 mV @1100 ℃, and 7 mV @1200 ℃.
It’s worth noting that the sensing mechanism, different from the common theory based on CO oxidation
coupled with oxygen reduction, is attributed to the reversed reactions: CO reduction coupled with oxygen
revolution. For the first time, an inversion temperature is found for the CO-NiO reaction. Below the
inversion temperature, CO oxidation occurs as commonly presented. Above the inversion temperature, CO
is electrochemically reduced over NiO into carbon and oxygen ions, evidenced by electrochemical and
compositional characterizations. The results complement CO sensing mechanisms for mixed potential
sensors in high temperatures.
Furthermore, we endeavored to develop a combined CO, O2 and temperature sensor device, named as
CO/O2/T sensor, to be applied in a utility boiler of Longview (a coal-fired power plant). Three times
installations and testing were complete, while the sensor probe was installed through the observation port
of the cooling wall into the boiler until the temperature reading was around 1000 ℃. For the first 20-h trial
testing, a reasonable data was obtained: -45 mV (oxygen sensor) meaning 2.5%-3.5% PO2. 20 mV (CO
sensor) corresponding to 2058 ppm CO. For the second trial testing that took 25-days, the aggressiveness
of boiler condition was first perceived since the dusts and ashes fully covered the sensor head and dust
coverage was thick, hard and stiff when the probe was took out. For the third installation, porous refractory
bricks were placed on the top of the chamber to prevent the sensor materials from contacting the extreme
poisoning ashes and dusts. However, a large fluctuation of the signal was observed. This may be due to the
violent atmosphere change in the sensor chamber as the flue ash started to build up on the sensor shield.
Ashes and dusts blocked the porous structure of the porous refractory bricks eventually, preventing the gas
exchange between the boiler and the sensor chamber. Thus, a further improvement of sensor design is
needed that can filter ashes and dusts as well as maintain the sample gas flow.
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Chapter 1 Literature Review
1.1 Overview of Carbon Monoxide Sensing
Carbon monoxide is a highly toxic gas without color and odor, and one of the main ecological pollutes. Its
toxicity is attributed to the much higher affinity for CO than oxygen of the bloods of human and other
oxygen-breathing organisms [1]. A WHO report suggests 10 ppm is the acceptable CO exposure condition
for the period of 8-24 h [2]. The concentration of CO in atmosphere is around 150 ppb [3], which is the
most abundant pollutant gas by mass. Human activities contribute to vast quantities of CO to the atmosphere.
It is usually generated via incomplete combustion of carbon-based fuels like wood, coal, oil and natural gas
in household, automobiles and industry appliances [4]. Therefore, detection of CO is important and required
in terms of safety and environments protection, which largely depends on varied types of CO sensors in
their working environments.
CO sensors can be classified via sensing materials or detection mechanisms [4]. In terms of sensing
materials, many types have been investigated: (i) noble metals and their composites, such as gold [5],
platinum [6], Au-oxide composites [7, 8], etc.; (ii) n-type metal oxide semiconductors, such as zinc oxide
(ZnO) [9], tin oxide (SnO2) [10], and titanium oxide (TiO2) [11], etc.; (iii) p-type metal oxide
semiconductors, such as nickel oxide (NiO) [12, 13], and copper oxide (CuO) [14], etc.;.(iv) perovskite,
such as LaCoO3 [15], La0.8Pb0.2Fe0.8Co0.2O3 [16], etc.; (v) carbon-based materials [17, 18]; (vi) bio-based
materials [3] Additionally, sensors can be classified based on their platform and sensing mechanisms, as
demonstrated in Fig. 1 [19]. These are radiant, mechanical, thermal, magnetic, electronic, and
electrochemical sensor, together with the electrical signal output component. When specific to CO sensing,
commonly utilized sensor types are optical methods [20], chemical resistive sensor including metal oxide
semiconductor sensor (MOS) [4], solid oxide electrolyte sensor [21], calorimetric catalytic sensor [22], and
electrochemical sensor based on deionized water and CO [23].
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Figure 1 Classes of chemical sensors by transducer platform, with examples of the different sensor types[19]

Since the different sensors have their different service environments, CO sensor can be further organized
by the application scenarios. As seen in Fig. 2, three major fields using CO sensors are air quality
monitoring, emission detection and in-situ combustion monitoring and optimization, wherein emission
detection data is also being used to improve the combustion or exhaust treatment process. The working
condition of CO sensors for air monitoring is much better than that for emission detection and combustion
monitoring. It is because air in atmosphere or local environment such as indoor is much cleaner than that
in industrial and automobile environments where the gases composition is much more complex with high
volume of dusts and poisoning gases like H2S, SO2, etc. The sensor working temperatures in these scenarios
are greatly varied as well according to the purpose of using sensors and the types of sensors. For example,
if one would like to achieve in-situ gas sensing in a coal-fired boiler, a working temperature range from
1000 ℃ to 1500 ℃ is possibly expected for a sensor because it should be on site. However, when using
MOS sensor for air quality measurement, ambient conditions do not have any temperature requirement on
2

sensors, but the sensor itself usually contains a heating element to maintain a temperature range, which is
often in the range of 200 ℃ to 650 ℃, for the sensing materials to have a best performance. In the case of
using optical methods, the main concern about the working temperature is to keep it from high temperature
heat source to protect the components of the device from being damaged.

Figure 2 A classification of CO sensors based on applications and scenarios

The measurement of CO in atmosphere usually uses instruments such as non-dispersive photometer based
on the absorption of infrared radiation (NDIR) [23], gas chromatography [24], or electrochemical sensors
(liquid) [23, 25]. For example, NASA uses Measurement of Pollution in the Troposphere (MOPITT), which
is one of the earliest satellite sensors to use gas correlation spectroscopy, to measure the distribution,
transport, sources, and sinks of carbon monoxide in the troposphere [26]. For the local environmental air
such as indoor air, MOS sensors and electrochemical sensors (liquid) are usually applied commercially. In
terms of industrial applications, YSZ based λ-sensors have been utilized in the automobile industry for
exhaust gas monitoring for more than 40 years [27]. Optical methods, such as tunable diode laser and
3

quantum cascade laser (TDL/QCL) Spectroscopies, are often applied on the gas sensing in emission
detection and combustion monitoring [20, 22].

1.2 High-temperature CO Sensors for Combustion Monitor and Control
With the global demand of energy expected to grow due to the population growth and progressive
industrialization, the amount of renewable energy would not be adequate to meet the demand [28]. Fossil
fuel (coal, oil and natural gas) would continue to play an important role in the global energy landscape for
the foreseeable future [29, 30]. Thus, with the fast-growing environmental and economic pressures as the
world is shifting towards a low-carbon energy transition and carbon neutrality,[31] fossil fuel-based
combustion processes, especially the electricity/heat generation that accounts for a large portion of total
CO2 emission,[30] should perform with higher efficiency and minimum emission.
Fig. 3(a) shows the evolution of the main pollutants generated by combustion of a lean mixture of methane
and air [32]. NOx and CO emission follow opposite trends. Since NOx is mainly generated from the fixation
of atmospheric nitrogen in the flame, low flame temperature is favorable to NOx reduction. However, lower
content of oxygen (low flame temperature) leads to the rapid increase of CO and hydrocarbons because of
the incomplete oxidation. A trade-off between CO and NOx is needed when controlling the operating point
of such a combustion process. In an ideal case, the optimum point is where both CO and NOx levels are
minimum. Meanwhile, in the economical perspective, excess air leads to more energy needed to maintain
the temperature, resulting in high cost due to the heat loss. Fig.3(b) demonstrates coal-fired power plant
flue gas diagram with O2, CO regulations [22]. The optimum condition for boilers in a coal-fired power
plant is to operate in around 1-2% O2 and 100-200 ppm CO depending on fuel type, which is near the
stoichiometric point with the highest efficiency in safe operation [22].

4

Figure 3 (a) Lean premixed combustion, typical pollutant emission (after [32]) (b) Coal fired power plant flue gas diagram with
O2 or O2 & CO regulations[22]

Hence, upgrading combustion control system is an effective method to improve the combustion efficiency
because it can monitor and adjust the firing process in real-time to minimize the heat loss and control
emissions [32]. It was reported that at Calaveras Power, JK Spruce Station, the heat rate and boiler
efficiency was improved by 1.08% and 0.93%, respectively, after using a smart optimization technology
[33]. However, the current combustion control is relatively far from satisfactory, especially for that in largescale boilers in industry, such as boilers in coal-fired power plants. It is because in addition to depending
on data analytics and process control algorithm, advanced combustion control system heavily relies on the
quality of the actuator and sensor network. Unfortunately, there is still a lack of well-functioning in-situ
sensors for working conditions that are extremely aggressive. An ideal scenario for in-situ sensors is that
they can work in the temperature range of 1000 ℃ -1500 ℃ and they are deployed across the whole boiler,
since the combustion process is not uniform among local areas. If the local variations of combustion can be
monitored in real time, the specific burners can be adjusted to respond to local deficient combustions. At
the meantime, good sensitivity, durability, and fast response time are expected, in spite of the presence of
poisoning ashes, dusts and gases. Cost-effectiveness is also a consideration if successful, numerous sensors
would be used for the power plant fleet all over the world.
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Chemical resistive sensors based on carbon materials and semiconducting polymer and oxides are used
widely for gas sensing at relatively lower temperature (<650 ℃). They have many advantages, such as cost
effectiveness, high sensitivity, and capability of miniaturization. However, the lack of selectivity to some
combustible gases and insufficient long-term stability at extremely high temperature may be the problem.
Currently, continuous emissions monitoring systems (CEMS) using pollutant analyzer, algebra conversion
equations or computer program to evaluate the gas or particulate specifics offers strong benefits to the
power plant operation [34]. But they are expensive and require 1) the extraction of flue gas from the boiler,
2) the use of gas filters or traps, and 3) trained personnel to correctly handle the monitoring, which add a
delay between the measurement and the real-time dynamic combustion [35]. Calorimetric analyzers using
resistivity temperature detectors to detect the heat of oxidation from a catalyst layer have only been
demonstrated as an extractive approach, which is not especially suitable for real-time boiler control.[22]
Optical sensing approaches, e.g. tunable diode or quantum cascade laser spectroscopies are still not reliable
enough given that a large amount of substances impede light transmission and the measured value is not
local but an average one among the light path.[36]
Fossil fuel sources are amenable to the use of high-temperature, oxygen ion-conducting solid electrolytes
such as yttrium-stabilized or calcium-stabilized zirconium oxide (YSZ or CSZ) mixed potential sensors to
enable closed-loop combustion control. However, many YSZ-based mixed potential-type sensors reported
are not suitable for the in-situ sensing in utility boilers because they consist of metallic sensing
electrodes.[37] At high temperatures, very similar catalytic kinetics on different metallic electrodes makes
it difficult to establish an obvious mixed potential response.[38] Hence, oxide-based sensing materials have
been intensively investigated to achieve higher temperatures CO sensing applications. Yi etc. found that
nickel oxide (NiO) is a promising sensing material to CO which is a direct indicator of the status of
combustion process of a power plant. [39] Under the conditions of 0.5%-3% O2 and 1000 ℃, the fabricated
yttrium-stabilized zirconia (YSZ)-based mixed potential sensor using porous NiO demonstrates good
sensitivity to CO, showing a signal as high as 36 mV to 1000 ppm CO. [39]
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1.3 High-Temperature Gas Sensing Mechanism
1.3.1 Mixed-potential Theory
The mixed-potential theory can be explained by using a YSZ-based CO sensor as a simple example. Fig.4
illustrates typical configuration of a mixed-potential typle YSZ-based sensor, which consists of a sensing
electrode (SE) exposed to the sample gas or the base gas and a reference electrode (RE) on the reference
gas (air) [40]. The only difference between the concepts of sample gas and base gas is that sample gas
contains the target gas while base gas does not. For example, when the base gas is 2% O2 bal. N2, the sample
gas can be 200 ppm CO + 2% O2 bal. N2.
When SE is exposed to a base gas, and the electrochemical reaction (1) of O2 is in equilibrium at the SE/YSZ
interface, the potential value of SE is determined by the equilibrium state. Hence, the electromotive force
(emf) between SE and RE, also call sensing signal, forms a base line of the sensor. When SE is exposed to
the sample gas, the electrochemical reaction (2) can be occurred together with the reaction (1). Therefore,
a mixed potential is being established when the two electrochemical reactions (1) and (2) are occurring
simultaneously at the SE/YSZ interface, as seen in Fig. 4(b). The mixed potential will reach a steady value
when the steady balance of reaction (1) and (2) is achieved. At the meantime, because RE is always under
the atmosphere of air, another equilibrium of the electrochemical reaction (1) is occurred at the interface of
RE/YSZ, generating a constant reference potential (Fig. 4(c)). Thus, the emf (potential difference between
SE and RE), which is usually measured via a potentiometer with positive probe connected to SE and the
negative probe connected to RE, gives a sensor signal of the sensor.
𝑂2 + 4𝑒 − ↔ 2𝑂2− (1)
𝐶𝑂 + 𝑂2− ↔ 𝐶𝑂2 + 2𝑒 − (2)
However, before reaching the SE/YSZ interface, some percentage of the sample gas transported through
the SE layer will be oxidized via the chemical gas-phase reaction (3), as seen in Fig. 4(d). Therefore, the
catalytic ability of SE to CO oxidation affects the content of CO reaching at the SE/YSZ interface. Overall,
7

the mixed-potential sensing signal is controlled by the three reactions with the cathodic half-reaction (1)
and the anodic half-reaction (2) occurring at the SE/YSZ interface while gas-phase reaction (3) within the
SE layer. Hence, the sensor’s sensing performance will be governed by physical/chemical properties of an
SE material, its morphology and structure, and the operating conditions, which affect thermodynamics and
kinetics.
2𝐶𝑂 + 𝑂2 ↔ 2𝐶𝑂2 (3)

Figure 4 [40] Illustration of (a) the typical construction of a mixed-potential type YSZ-based sensor, including (b) the
electrochemical reactions that occur at the sensing electrode/YSZ interface and (c) the equilibrium RE reaction of O 2 at the
interface of RE/YSZ, as well as (d) the gas-phase oxidation (heterogeneous catalysis) within the SE layer
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The understanding and explanation of mixed potentials is commonly via Butler-Volmer equation [27, 4042], assuming the whole SE is an equipotential body and the electrochemical reaction of CO oxidation is
the limiting step. Therefore, each current density for the reaction (1) and (2) is expressed as Eqs. (4) and
(5), respectively:

𝑖𝑂2 = 𝑖𝑂𝑜2 exp{−
𝑜
𝑖𝐶𝑂 = 𝑖𝐶𝑂
exp{

𝑜
4𝛼1 𝐹(𝐸−𝐸𝑂
)
2

𝑅𝑇

} (4)

𝑜
2𝛼2 𝐹(𝐸−𝐸𝐶𝑂
)

𝑅𝑇

} (5)

where E is the electrode, F is Faraday constant, R is the molar gas constant, T is the absolute temperature,
𝐸 𝑜 is the equilibrium electrode potential, 𝑖 𝑜 is the exchange current density, and 𝛼 is the transfer coefficient.
Here, the exchange current densities in Eqs. (4) and (5) are assumed to obey the following relations: Eqs.
(6) and Eqs. (7), respectively:
𝑖𝑂𝑜2 = −𝐵1 𝐶𝑂𝑛2 (6)
𝑜
𝑚
𝑖𝐶𝑂
= 𝐵2 𝐶𝐶𝑂
(7)

where C is the concentration CO or oxygen, 𝐵1 , 𝐵2 , 𝑛, and 𝑚 are constants. The mixed potential (𝐸𝑚 ) is
defined as the electrode potential at which the absolute values of current densities in Eqs. (4) and (5) are
equal. Via the combination of Eqs. (4)-(7), 𝐸𝑚 can be expressed as Eq. (8), where 𝐸0 and 𝐴 in Eq. (8) are
expressed in Eqs. (9) and (10), respectively.
𝐸𝑚 = 𝐸𝑜 + 𝑛𝐴𝑙𝑛𝐶𝑂2 − 𝑚𝐴𝑙𝑛𝐶𝐶𝑂 (8)
𝐸0 =

𝐴=

𝑅𝑇
𝐵
𝑙𝑛 1
(4𝛼1 +2𝛼2 )𝐹
𝐵2
𝑅𝑇
(4𝛼1 +2𝛼2 )𝐹

+

𝑜
𝑜
2𝛼1 𝐸𝑂
+𝛼2 𝐸𝐶𝑂
2

2𝛼1 +𝛼2

(9)

(10)

Thus, as shown in Fig. 5, the above-mentioned sensing mechanism of a mixed-potential type sensor can be
rationalized by using general polarization curves. The intersect point of the modified anodic and modified
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cathodic polarization curves is also assigned as mixed potential. The modified cathodic polarization curve
is obtained by plotting the applied potential with the absolute current value of the base gas (air). The
modified anodic polarization curve is obtained by plotting the applied potential with the net anodic current
of CO. The net anodic current of CO is calculated by subtracting the recorded current value in the base gas
(air) from the current value measured in the sample gas (CO + air) [40].

Figure 5 [40] Schematic polarization curves for mixed-potential type sensor

In addition to reaction-limiting scenario as described above, the diffusion of CO in the SE layer can be a
rate-limiting step as well (diffusion limit), as demonstrated in Fig. 6(a). The current density of the CO
oxidation reaction can be expressed as Eq. (11), where 𝐴 is the electrode area, 𝐷 is the diffusion coefficient,
and 𝛿 is the diffusion boundary layer thickness. Therefore, combining Eqs. (5), (7) and (11), 𝐸𝑚 can be
expressed as Eq. (12).
𝑖𝐶𝑂 = 2𝐹𝐴𝐷𝐶𝑂
𝐸𝑚 = 𝐸𝑂𝑜2 −

𝐶𝐶𝑂
𝛿

(11)

𝑅𝑇
2𝐹𝐴𝐷 𝐶𝐶𝑂
𝑙𝑛 𝐵 𝐶𝐶𝑂
𝑛
4𝛼1 𝐹
1 𝑂 𝛿

(12)

2

10

Figure 6(a) [40] Estimation of mixed-potential value from the intersection between the diffusion-limited anodic polarization
curve of CO and the cathodic polarization curve of O2; (b) dependence of the sensitivity (Δemf) on the logarithm of CO
concentration

Hence, as seen from Eqs. (8) and (12), the linear relationship between 𝐸𝑚 and the logarithm of CO
concentration can be observed when either activation limiting or diffusion limiting under a fixed oxygen
concentration (as seen in Fig. 6(b)).
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Figure 7 [40] (a) comparison of anodic polarization curves in air and in N2; and (b) elucidation of an increase in gas sensitivity
by using shifts of polarization curves

Changes in catalytic activities against the gas-phase reactions and/or electrochemical reactions can also be
elucidated by the measurements of polarization curves (Fig. 7(a)). When the polarization curve is measured
in the sample gas diluted with the base gas, the recorded anodic current is proportional to the number of
gaseous molecule that undergoes the electrochemical reactions at the SE/YSZ interface. Under this
condition, the heterogeneous catalysis that usually occurs within the SE layer will reduce some percentage
of the CO molecules passing through the SE layer, resulting in lower anodic current. However, in the
absence of O2 (in N2), all CO molecules will reach the SE/YSZ interface to proceed the electrochemical
reaction, resulting in higher anodic current. Therefore, the anodic polarization curve that measured in N2
will represents the net catalytic activity toward anodic reaction (2) of CO at the SE/YSZ interface. The
difference between the polarization curves measured in each of N2 and air is believed to correspond to the
catalytic activity of gas-phase reaction (3)
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From the perspective of a mixed-potential model, higher gas sensitivity can be achieved by one or the
combination of the following conditions: an increase in the catalytic activity to the anodic reaction (2) of
CO, a decrease in the catalytic activity to cathodic reaction (1) of O2, and a decrease in the heterogeneous
catalysis to the gas-phase reaction (3) of CO. Fig. 7(b) shows an example of the method how higher CO
sensitivity can be attained by increasing anodic current of CO as well as decreasing cathodic current of O2.
Higher anodic current of CO is captured either by reducing the catalytic activity to the gas-phase reaction
(3) which will increase the reactivity to anodic reaction (2) of CO or by employing an SE material that
specifically has high catalytic activity toward anodic reaction (2) of CO. Lower cathodic current of O2 can
be obtained by employing an SE material that also has low catalytic activity to cathodic reaction (1) of O2.
As a result, an increase in the anodic current of CO and a decrease in cathodic current of O2 shift largely
the mixed potential to a more negative direction (𝐸𝑚1 to 𝐸𝑚2 ) , which is experimentally observed to possess
higher gas sensitivity.

1.3.2 Differential Electrode Equilibria
Alternative approach was proposed by Wachsman et al., namely “Differential Electrode Equilibria,” which
particularly elucidates the sensing behavior of the sensor using semiconducting oxide SE [43-45]. This
theory also takes gas-phase reaction and electrochemical reaction into account, when explaining the sensing
mechanism. However, the “Differential Electrode Equlibria” theory strongly believes that the gas
adsorption phenomena that occurs within semiconductor SE can govern the output sensing signal of the
sensor. For example, in the case of a p-type semiconductor oxide (e.g., La2CuO4) SE for NO detection,
adsorbed NO on the surface of the SE particles facilitates the removal of electrons from the bulk of SE. As
a result, the conductivity of the material is decreased, which may shift the Fermi level of the SE material,
raising the positive potential change for NO detection[45], unlike the behavior of a normal mixed-potential
type NOx sensor.

13

1.4 Mixed-potential Sensor Configuration
The classical configurations of mixed-potential gas sensors based on YSZ are two types: planar type and
tubular type. Fig. 8(a) displays the schematic of a simple planar YSZ-based sensor. In this structure, a YSZ
plate, pellet or disk is commonly assembled via sintering a sensing electrode (SE) and a Pt reference
electrode (RE) on the counter side or the same side of the YSZ substrate, while a Pt current collector is also
sintered between SE and YSZ, and a Pt lead wire is connected to Pt-RE. Since the contact of Pt current
collector with YSZ in the sensing side will lead to undesired disturbances to the sensing signal of SE, a
non-conducting and chemically stable material is located (sintered) between the Pt current collector and
YSZ. Therefore, a sensing signal of the fabricated mixed potential sensor is attained by the measurement
the electrochemical motive force (EMF) between SE and RE.
Thus, the simplicity of the planar sensor configuration is suitable for the one chamber sensing utilization
and the readiness of sensor miniaturization, which is of great practical significance. However, the potential
disadvantages is that, since both SE and RE are placed in one atmosphere, at lower temperature ranges (e.g.
< 500 ℃), oxygen contents as well as the relatively high concentrations of varied gases also alter the
potential value of Pt-RE. Thus, Pt-RE is not a “true” reference, and the engineering of RE is also needed.
In order to target the challenges, Miura et al. investigated the feasibility of the Mn2O3 as a reference
electrode, the results of which exhibited insensitivity of Mn2O3 to the various O2 concentration in the range
of 0.1–21 vol% and various gases at temperatures below 550 ℃ [46].
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Figure 8 Schematic views of various mixed-potential type YSZ-based sensors: (a) planar; (b) tubular; (c) combination of porous
YSZ and dense SE; (d) three-sensor array; and (e)laminated total-NO x sensor. [47-49]

Fig. 8(b) demonstrates a mixed potential YSZ-based sensor with a classical tubular type. For this
configuration, the SE is sintered on the outer surface of the YSZ tube, functioning as a SE probe tip exposed
to the sample gases. Meanwhile, Pt-RE is sintered on the inner surface of the YSZ tube while always
accessing atmospheric air. Due to the manipulated constant gas composition in the reference side (inner
part of the tube), the potential of RE is unchanged given the fixed or known working temperature.
Consequently, compared with the planar sensor type, the structure of a tubular sensor is more complex and
bulky, leading to a higher barrier for field utilization. However, it is quite beneficial that the SE side and
RE side are separated since any measured sensing signal change is from the variation of the sample gas,
regardless of RE. Thus, there is a trade-off between accuracy and convenience. In fact, the most

15

commercialized and applied YSZ-based λ sensor for vehicle combustion and exhaust control utilizes a
tubular configuration.
Fig. 8(c) demonstrates a special mixed potential sensor configuration, as reported by Garzon et al. [47, 50],
consisting of a dense sensing electrode and a porous YSZ electrolyte, which is unlike the conventional
sensors that are made of porous SEs and dense YSZ. The reason is that for a conventional design, a portion
of a target gas is consumed via oxidation or decomposition due to the catalytic activity of SE materials.
This is a chemical process and does not directly contribute to the electrochemically driven sensing signal.
However, as a result, less target gas reaches the electrolyte/electrolyte interface that generates the mixed
potential, leading to the decrease of the SE sensitivity [51-53]. However, for the sensor geometry as
illustrated in Fig. 8(c), a relatively higher content of target gas would reach the interface because the YSZ
layer that samples gases transport through is of much lower catalytic activity than normal SE materials,
although the YSZ layer is porous. Thus, this design facilitates sensor sensitivity, since only the
electrochemical catalytic activities at the SE/YSZ interface could control the sensing characteristics, rather
than normal sensors using a dense YSZ and a porous SE layer whose sensing behavior is controlled by the
heterogeneous catalysis and the electrochemical catalytic activities.
Fig. 8(d) demonstrates a special sensor type that connects multiple sensors in series. The total value of EMF
for the connected sensors is obtained by summating each EMF value. The increase of the sensor numbers
leads to the improvement of the detection limit, although the entire device is more complex and bulky. Fig.
8(d) demonstrates the sensor with such design, as reported by Yang and Dutta [48].
Fig. 8(e) displays the cross-section of a laminated-type YSZ-based NOx sensing device for automobile
application, reported by Hasei et al. [49]. In this sensor design, oxygen gas is fed from a counter electrode
side to an oxidizing catalyst electrode by exerting a polarization on those two electrodes. Reductive or fuel
gases (such as HCs and CO), which are flowed through a diffusion pathway and react with oxygen over the
catalyst, forming oxidized and un-interrupting gases (H2O and CO2). In the same method, the NO
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conversion electrode, placed on the upper side of the inner part, promotes the oxidation of NO to NO2. Thus,
the total NOx content can be recorded by a mixed-potential type NO2 sensor.
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Chapter 2 Research Objective


Develop an YSZ-based EMF-measuring mixed-potential type sensor using NiO as the sensing
electrode material targeting ppm-scale CO that can work at the high temperature range of 1000 ℃
– 1200 ℃ for in situ combustion process monitoring.



Examine how the sensing behavior is affected by the factors that include inlet gas tube position,
feed gas flow rate, electrode porosity, electrode thickness, electrode area, temperature, and oxygen
content. Sensing behavior includes sensitivity, response and recovery time, durability, and
selectivity.



Investigate the mechanism of NiO’s CO sensing since the inversion phenomenon is found at
temperatures higher than the inversion temperature.



Based on the CO sensor design, start a trial to develop a CO/O2/T sensing device with the
capabilities of CO sensing, O2 sensing, temperature sensing and data acquisition.
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Chapter 3 Experimental Methods
3.1 Sensor Fabrication
The material preparation method is important for repeatable and credible research. Experimental deviations
from different groups based on the same or similar materials are not rare in the literature. In this work, all
experimental details will be clarified first before data analysis and discussion

3.1.1 Sensor Component Preparation
8% mol Yttrium-stabilized zirconia (YSZ) was bought from Tosoh-zirconia as TZ-8YSB. Platinum slurry
for Pt reference electrode was bought from ESL ElectroScience Inc. NiO powder was bought from
Fuelcellmaterials

as

NiO-F.

ZnO

and

TiO2

powders

were

bought

from

Sigma-Aldrich.

(La0.80Sr0.20)0.95MnO3-x (LSM) powder was bought from Fuelcellmaterials.
Because the porosity is a factor considered in the present work, 4 NiO electrode slurries with different
contents of pore former were made: 0%, 10%, 20%, and 30% added pore former, which were named as 0%
PF, 10% PF, 20% PF, and 30% PF, respectively. 0% PF NiO slurry has the component of 2g NiO powder
and vehicle. 10% PF NiO slurry has the component of 1.8g NiO powder, 0.2g graphite and vehicle. 20%
PF NiO slurry has the component of 1.6g NiO powder, 0.4g graphite and vehicle. 30% PF NiO slurry has
the component of 1.4g NiO powder, 0.6g graphite and vehicle. ZnO electrode slurry has the component of
1.8g ZnO powder, 0.2g graphite and vehicle. TiO2 electrode slurry has the component of 1.8g TiO2 powder,
0.2g graphite and vehicle. LSM slurry has the component of 1.8g LSM powder, 0.2g graphite and vehicle.
All slurries were made by adding each component into a mortar followed by hand grinding for 2 hours.

3.1.2 Sensor Pellet Fabrication
The sensor structure is shown in Fig. 9, which consists of an 8YSZ electrolyte, a NiO in the sensing side,
and a Pt electrode at the reference side. A dense circle YSZ pellet with a diameter of 1.3 cm and thickness
of 0.2 cm was fabricated at first by mechanical pressing of YSZ powder, followed by 1400 ℃ sintering at
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air for 4 h. Then each circular electrode was made one by one by screen-printing the electrode material
slurries onto the electrolyte followed by 1400 ℃ annealing in air for 4 h. Then, Pt wires were assembled
on the top of the sensing NiO electrode and the reference Pt electrode by using the same electrode material
as the current collector, followed by 1300 ℃ for 2h, as shown in the Fig. 9(c) and (d). The same sensor
fabrication process also applies for other sensing electrode materials in this work that are ZnO, TiO 2 and
LSM.

Figure 9 (a)-(b) schematic and (c)-(d) images of the sensor structure

Fig. 10 (a)-(h) show SEM images of NiO sensing electrodes from different slurries of different pore former
contents. The sintering condition is 1400 oC for 4h in air. The thickness of SE is increasing with the increase
of the pore former contents, while the grain size of NiO is decreasing with the increase of the pore former
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contents. This is reasonable because a higher content of pore former results in a smaller volume density of
NiO during the sintering process, leading to a reduced extent of NiO growth and a higher SE thickness.
Fig. 11 shows the X-ray diffraction result of the as-prepared NiO electrode, which confirms the crystalline
structures of NiO and YSZ that show no reactivity between them.
Infiltration of YSZ into NiO is done via: (1) weight the stoichiometric amount of yttrium nitrate and zirconia
nitrate, followed by being dissolved in 95% ethanol solution. (2) use the pipette to add the different amounts
of the solution into NiO porous electrode. (3) sinter the infiltrated sensor pellet at 1400 ℃ for 1 h.
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Figure 10 SEM images of NiO sensing electrodes from different slurries of different pore former contents. The sintering
condition is 1400 oC for 4h.
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Figure 11 XRD result of NiO electrode on YSZ electrolyte

3.2 Sensor Packaging and Lab Testing Station
Two-compartment configuration for lab-test, as shown in Fig. 12, was made via mounting the sensor sample
over an alumina tube end (Advalue Technology LLC) together with a ceramic bond to obtain a good sealing.
In the sensing side, a smaller Al2O3 tube was flowing the mixed gases that consist of 0-1000 ppm CO gas,
N2 and O2. The gas components were controlled by adjusting the mass flow rates of different gas cylinders
by digital mass controllers (Alicat): cylinder 1 is air; cylinder 2 is ultra-high purity nitrogen; cylinder 3 is
2000 ppm CO bal. N2. For example, 0 ppm CO and 2% O2 sample gas (200 sccm total flowrate) is from 20
sccm air + 0 sccm 2000 ppm CO bal. N2 + 180 sccm N2. 1000 ppm CO and 3% O2 sample gas (200 sccm
total flowrate) is from 30 sccm air + 100 sccm 2000 ppm CO bal. N2 + 70 sccm N2. On the reference side,
an Al2O3 tube was used to feed air with constant flowrate of 100 sccm.
All gases were supplied and graded as ultra-high purity by Matheson Gas Inc. A multi-channel Gamry
electrochemical workstation was applied to simultaneously record the voltage signals, with the working
electrodes connected to NiO electrode on the sensing side, and reference electrode connected to Pt electrode
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on the reference/air side. Or to say, the positive probe is connected of SE, and the negative probe is
connected to RE.

Figure 12 Lab test configuration for the CO sensing testing for all lab-test results presented in this work.

3.3 Material Structure Characterization
3.3.1 XRD, SEM, TEM and EDS
Composition of the synthesized powders was characterized by X-ray Diffraction (XRD, PANalytical X'pert
PRO) with Cu Kα radiation. Scanning Electron Microscopy (SEM, JEOL JSM-7600F), Transmission
Electron Microscopy (TEM) were utilized separately or together to observe the microstructure of the
powders and sensor.

3.3.2 XPS
X-ray Photoelectron Spectroscopy (XPS) using a Physical Electronics PHI 5000 Versa Probe spectrometer
equipped with a monochromatic Al Kα source, was applied to analyze the elemental composition and
valence states on the surface. As a very surface sensitive characterization method, the detection depth of
XPS is about 5 nm.
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3.3.3 TGA
Thermogravimetric analysis (TGA, SDT650 TA Instruments) was conducted to measure the mass change
of NiO powders under the atmosphere of 1500 ppm CO + 2%O2, bal. N2 with a heating rate of 10 °C min−1.

3.3.4 BET
Brunauer, Emmett and Teller (BET) surface area analysis (Micromeritics, RSAP 2020 Plus) was conducted
to determine the electrode surface area and porosity. Because the size of the as-fabricated NiO sensor is
much bigger than the BET sample holder tube, BET cannot be conducted on the sensor as a whole. In
addition, the total surface area of the NiO electrode of a single sample is too small to get a valid BET test.
Therefore, a scaled-down sample won’t work as well. To measure BET, it is necessary to scratch off the
NiO electrode from the YSZ substrate, and collet the NiO electrode materials for testing. It is not as good
as an in-device measurement, but it will still reveal information of the porosity to a large extent. As shown
in Fig. 13(a), a NiO sensor sample was made via the same preparation procedure in the manuscript. Then,
the NiO electrode from the as-prepared sensor was scratched, as seen in Fig. 13(b). Thus, ~3 mg NiO
powder per porous NiO sensor can be obtained. Because the surface area of NiO from one sample is much
lower than the threshold of a good BET characterization, 80 samples for porous NiO sensor were fabricated,
leading to 227 mg NiO powder for their BET measurements.

Figure 13 Porous NiO BET samples preparation procedure

Fig. 14 show the BET data of NiO powder from 30% PF NiO samples. The surface area of porous NiO is
calculated as 1.33 m2/g as shown in Fig. 14(b) which indicates a large pore size of NiO.
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Figure 14 (a) Isotherm plot for porous NiO (b) BET surface area plot for porous NiO

3.4 Electrochemical Characterization
3.4.1 EMF measurement
A multi-channel Gamry electrochemical workstation was applied to record the EMF (electrochemical
motive force), with the working probe (also positive probe) connected to NiO electrode on the sensing side,
and reference probe (also the negative probe) connected to Pt electrode on the reference/air side.
Considering the actual utilization of the Gamry potentiostat, the detailed connection arrangement is:
working electrode (green probe) combined with working sensing (blue probe) was connected to NiO
electrode; reference (white probe) combined with counter (red probe) was connected to Pt electrode.

3.4.2 Electrochemical Impedance Spectroscopy (EIS)
Electrochemical Impedance Spectroscopy (EIS) was carried out on sensor samples at open circuit condition
(without polarization) over 105 to 10-1 Hz frequency range with 10 mV perturbation. All electrochemical
experiments were performed via a multi-channel Gamry electrochemical workstation controlled by Gamry
software.
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3.4.3 DC polarization curve
With the working electrodes connected to NiO electrode on the sensing side, and reference electrode
connected to Pt electrode on the reference side, DC (direct current) polarization curve measurements were
carried out from -150 mV to -150 mV at a scan rate of 1 mV/s.

27

Chapter 4 Sensing Behavior of NiO Electrode at
1000 ℃-1200 ℃
Upgrading combustion control system is an effective method to improve the combustion efficiency because
it can monitor and adjust the firing process in real-time to minimize the heat loss and control emissions
[32]. However, the current combustion control is relatively far from satisfactory, especially for that in largescale boilers in industry, such as boilers in coal-fired power plants. It is because combustion control system
heavily relies on the quality of the actuator and sensor network. Unfortunately, there is still a lack of wellfunctioning in-situ sensors for working conditions that are extremely aggressive. An ideal scenario for insitu sensors is that they can work in the temperature range of 1000 ℃ - 1500 ℃ and they are deployed
across the whole boiler, since the combustion process is not uniform among local areas. If the local
variations of combustion can be monitored in real time, the specific burners can be adjusted to respond to
local deficient combustions. At the meantime, good sensitivity, durability, and fast response time are
expected, in spite of the presence of poisoning ashes, dusts and gases. Cost-effectiveness is also a
consideration if successful, numerous sensors would be used for the power plant fleet all over the world.
Therefore, in this chapter, NiO, as an inexpensive material, was systematically examined for its
performance on CO sensing in extremely high temperatures of 1000 ℃, 1100 ℃ and 1200 ℃. Sensitivity,
response time, durability and selectivity were tested. Factors that potentially affect these behavior
parameters were also evaluated, which include inlet gas tube position, feed gas flow rate, electrode porosity,
electrode thickness, electrode area, temperature, and oxygen content.
As shown in the Fig. 15, position 1 is the nearest position of the inlet gas tube from the SE which is 5 mm
away, while Posi 2 and Posi 3 are 15 mm and 25 mm away from SE, respectively. Flow rate varies from
100 standard cubic centimeters per minute (sccm) to 300 sccm. Thickness is varied by 20 μm, 46 μm and
60 μm, designated as T1, T2, and T3. SE porosity is adjusted by adding different content of pore former
(by weight ratio) in the NiO slurries: 10% added pore former (10% PF), 20% PF, and 30% PF.
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Figure 15 Position and distance of the inlet gas tube from the sensing electrode surface

4.1 Baseline (Base Gas Signal)
Before testing the CO sensing performance, the baseline of the sensor under each condition should be
determined first. At presented above, baseline is the sensing signal, which is the EMF value in this
manuscript with the positive probe connected to SE and negative probe connected to RE, under different
gas compositions excluding CO.
Fig. 16 shows the baseline variations according to oxygen contents of the 30%-PF-NiO SE in Posi 1, 2 and
3 at temperatures of 1000 ℃, 1100 ℃ and 1200 ℃. The gas compositions for baseline determination are
1% O2 bal. N2 vs. air; 2% O2 bal. N2 vs. air; 3% O2 bal. N2 vs. air; 5% O2 bal. N2 vs. air; 10% O2 bal. N2 vs.
air. The responses of NiO to oxygen content changes are very fast since the response and recovery time are
within 20 s. Fig. 17 summaries the baseline values in Fig. 16 and displays the linear dependence of baselines
on the logarithm of oxygen contents, indicating that the O2/O2- redox is equilibrated. In addition, Fig. 18
and 19 demonstrate the measurements of NiO baselines to varied oxygen contents under different a) feed
gas flow rate, b) NiO electrode thickness, c) NiO electrode porosity at varied temperatures, and the linearity
of baselines vs. oxygen contents are also found.
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Figure 16 Baselines of the 30% PF NiO sensing electrode in different positions and different oxygen partial pressures under (a)
1000 oC (b) 1100 oC and (c) 1200 oC

Figure 17 EMFs of 30%-PF NiO SE vs. oxygen contents under different conditions, compared with the theoretical Nernst
potential values
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Figure 19 Summary and fitting curves of sensor baselines to 1%, 2%, 3%, 5% and 10% oxygen content at a) 1000 ℃, b)
1100 ℃ , c) 1200 ℃

The above results show that the baseline values are almost independent of those gas transport-related
variables, include inlet gas tube position, feed gas flow rate, electrode porosity, electrode thickness. This
confirms that baselines values are thermodynamic values that only associate with oxygen concentration
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gradient and temperature. Additionally, it is worth noting that the baselines are higher than the theoretical
Nernst values presented in the plots, indicating that a higher oxygen coverage formed on NiO surfaces at
such high temperatures, or an interfacial potential is formed since Ni diffuses into YSZ lattice during the
high-temperature sintering process forming a Ni-doped YSZ/YSZ interface.
One might speculate that the deviation of baseline values from Nernst potentials derives from the inaccurate
temperatures control of the furnace. To verify if the deviation of baselines of NiO from Nernst potential
values is from temperature shift, platinum electrode was used as the sensing electrode to measure the EMFs
in one base gas and the corresponding sample gas. The results are shown in Fig. 20, which clearly shows
that the emf of Pt electrode is in an excellent agreement with the Nernst potential values, suggesting the
temperature of the furnace is accurate. This supports that the oxygen coverage over NiO surface is large
enough to give an emf larger than the theoretical value, or the formation of electrolyte interface.
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Figure 20 (a) Schematic of the cell structure and testing configuration. One side was flowed air, while the other side was flowed
gas mixtures with known compositions. (b) Measurement of EMFs compared with the theoretical Nernst potential values.
Temperature change rate is 1 ℃/10min to ensure the steady state

4.2 Effect of Gas Transport
4.2.1 Effect of The Position of Inlet Gas Position
Adjusting the distance of the inlet gas tube from the SE surface can essentially change the gas convection
in SEs. A closer distance basically means a stronger gas convection in SEs, although too close will lead to
an obvious temperature decrease of SEs. Fig. 21 demonstrates the sensing behavior (EMF vs. Time) of the
30%-PF NiO electrode to CO under 1000 ℃ and 1% O2, when the inlet gas tube was placed in a different
position. Fig. 22 displays the sensing signal vs. CO concentration when inlet gas tube was placed to different
positions. One thing to notice is that the EMFs are showing a linear relationship with the CO content, rather
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than the logarithm of CO concentration, regardless of the tube position (namely, the gas transport). This is
not in agreement with the discussion in the Literature Review section where sensing signals are showing a
linearity with the logarithms of CO contents because of the activation-limiting step and diffusion-limiting
step. However, this result indeed indicate that the CO-NiO reaction is activation step limited since in a
small over-potential range relative to the equilibrium potential, the over-potential value is linear to the target
gas concentration, rather than the logarithmic relationship [54-64]. At room temperature (298 K), the linear
overpotential range is about 10 to 20 mV. Therefore, at 1273 K, the linear range should be 42-84 mV.
Therefore, as shown in Fig. 22 and 23, the sensing signal (EMFs –EMF) is around 50 mV, which is within
the linear over-potential range. Namely, temperature increase expands the overpotential-content linearity
range. In addition to that, the closer distance to NiO results in higher sensing signals, which is clearly
demonstrated in Fig. 22(c). This is reasonable in the perspective of mixed-potential theory because a smaller
distance of the feed gas tube from NiO basically means less target gas would be consumed within NiO due
to the stronger convection. This suggests more CO reach the three-phase boundary (3TB) area, leading to
a better sensing signal.
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Figure 21 emf sensing signal of 30%-PF NiO to CO under 1% O2 and 1000 oC

Fig. 22(b) shows the response and recovery t90 variations with the inlet gas tube position. The response t90s
are not sensitive to inlet gas tube position. However, the recovery t90s are much higher than the response t90.
This may indicate that the adsorption of CO for reaction is much more energetically favorable than CO
desorption. However, the most interesting result is that the EMF is increasing with the increased CO content.
To be best knowledge of authors, this phenomenon is opposite to all publicly reported results in the field of
mixed potential solid-state high temperature gas sensor, which shows the EMF signal is negatively related
to the CO content. This abnormal phenomenon is the focus for this work, which would be discussed in
detail in the following chapters.

35

Figure 22 Results deconvoluted from Fig. 21: (a) sensing signal (b) response t90 and recovery t90 (c) 1000 ppm signal vs inlet tube
position

4.2.2 Effect of Feed Gas Flow Rate
Figure 23 demonstrates the sensing behavior to CO of NiO electrodes affected feed gas flow rate, with
baseline values presented via dash lines. In general, a better transport facilitates the sensor sensitivity, as
shown in Figure 23(b), (c) where a higher flow rate leads to a higher response. This is reasonable and in
agreement with the results in the Section 4.2.1, since less CO amount would be consumed by chemical
reactions due to faster gas transport and more CO would reach the tripe-phase boundary (TPB) to form the
mixed potential. In addition, in the higher CO content region, responses are linear to the logarithm of CO
concentration, indicating that electrochemical reaction is probably the rate-limiting step for CO sensing of
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NiO at 1000 ℃. Figure 23(c) displays that response T90 (Time to achieve 90% final signal magnitude) is
generally smaller than recovery T90, suggesting that the CO adsorption is faster than CO desorption.

Figure 23(a) Sensing behavior (EMFs vs. Time) to CO with varied feed gas flow rates. (b) Dependence of sensor responses (EMFs
- EMFb) on the logarithm of CO content with varied feed gas flow rates. (c) Time to achieve 90% final signal magnitude (t 90) of
response

4.2.3 Effect of The Electrode Thickness
Figure 24 demonstrates the sensing behavior to CO of NiO SEs affected by electrode thickness, with
baseline values presented via dash lines. In accordance with the results presented above, a better gas
transport improves the sensor sensitivity, as shown in Figure 24(b), (c) where a thinner SE leads to a higher
response due to faster gas transport and more CO would reach the TPB. In addition to that, compared with
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a thicker electrode, a thinner SE has a lower catalyst mass, also helping reduce CO consumption by
chemical reactions and more CO would reach the tripe-phase boundary (TPB) to form the mixed potential.
Similarly, in the higher CO content region, responses are linear to the logarithm of CO concentration,
indicating that electrochemical reaction is probably the rate-limiting step for CO sensing of NiO at 1000 ℃.
Figure 24(c) displays that response T90 (Time to achieve 90% final signal magnitude) is generally smaller
than recovery T90, suggesting that the CO adsorption is faster than CO desorption.

Figure 24(a) Sensing behavior (EMFs vs. Time) to CO with varied electrode thicknesses. (b) Dependence of sensor responses
(EMFs - EMFb) on the logarithm of CO content with varied electrode thicknesses. (c) Time to achieve 90% final signal magnitude
(t90) of respo
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4.2.4 Effect of The Porosity of Sensing Electrode
The adjustment of gas transport is also commonly done via adjusting the porosity of SEs. A higher porosity
means a better gas transport. However, the role of porosity is more than that; the porosity of SE is influential
in the degree of gas reaction within SE. This is because during the sintering process, a higher pore former
content reduces the initial particle density, leading to a higher porosity as well as a reduced grain size of
SE. A SE with small grain size would have higher surface area because of the increased specific area,
offering more sites for CO-related reaction. Therefore, there is a trade-off for porosity control since more
pores in SE facilitates CO to reach 3PB and smaller grains promotes more CO consumption in the SE before
reaching 3PB.

Figure 25 Sensing behavior of NiO to CO under 1% O2 and 1000 ℃ vs. varied porosities of NiO SE
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Fig. 25 shows the sensing behavior of NiO with different porosities to CO under 1% O2 and 1000 ℃. More
detailed information was extracted from Fig. 25 and shown in Fig. 26. The porosity of a SE has a significant
effect on the sensing behavior. As seen in Fig. 26(a) and (c), the difference of signal to 1000 ppm CO can
be as high as 110 mV at 1000 ℃. The trade-off of porosity is also clearly demonstrated since 20% PF NiO
is showing the highest sensitivity to CO. Fig. 26(b) shows variations of the response and recovery t90s with
the varied SE porosities. Similar to the results in the 4.2.1, the response t90 is much faster than the recovery
t90, indicating that CO adsorption is energetically favorable than desorption.

Figure 26 Results de-convoluted from Fig. 25: (a) sensing signal (b) response t90 and recovery t90 (c) 1000 ppm signal vs inlet SE
porosities
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4.3 Effect of Sensing Electrode Area
Fig. 27 reveal how the geometry of NiO electrode affects the sensing behavior. Large area porous NiO has
better sensitivity but longer response time than the small area one. This result is understandable because
more time is needed for the larger electrode to reach a stable state since the non-uniformity of CO gas
striking the NiO surface. However, for the relationship between electrode area and the sensitivity to CO,
one shouldn’t draw a conclusion of the larger the area, the higher the sensitivity, because sensitivity cannot
be improved without limit just by enlarging electrode area.

Figure 27 The effect of electrode area on the sensing behavior
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4.4 Effect of Temperature
Fig. 28 and Fig. 29 shows the 30% PF NiO’s sensing behavior to CO under 1%O2 at 1000 ℃, 1100 ℃ and
1200 ℃. As expected, the increase of temperature leads to the decreased the sensitivity of NiO to CO at
such high temperatures range because the gas reaction rate is elevated resulting much less CO reaching
3PB. Because of the same reason, the recovery time is improved in a large extent as shown in Fig. 29(b).

Figure 28 Sensing behavior of 30% PF NiO to CO under 1% O2 vs. varied working temperatures
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Figure 29 Results deconvoluted from Fig. 28: (a) sensing signal (b) response t90 and recovery t90 (c) 1000 ppm signal vs different
temperatures

4.5 Effect of Oxygen Content
Fig. 30 and Fig. 31 show the effect of oxygen content on the 30% PF NiO’s sensing ability to CO under
1000 ℃. Fig. 31(b) demonstrates that the sensitivity decreases with the increase of oxygen. It is reasonable
because the higher oxygen content leads to more CO to be reacted. However, the effect of oxygen content
is not so strong as other factors presented above. This indicates that oxygen might not dominated factor
which will be explained in the later chapter.
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Figure 30 Sensing behavior of 30% PF NiO to CO under 1000 ℃ vs. varied oxygen content

Figure 31 Results deconvoluted from Fig. 30: (a) response t90 and recovery t90 (b) 1000 ppm signal vs. different oxygen content
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4.6 Sensor Selectivity
Selectivity to CO over other major gas components in the combustion process, such as CO2, steam, and
hydrocarbons, is important. The effect of CO2 on the sensing performance of CO is shown in Fig. 32(a).
The red dash line indicates a change from 10% CO2 to 0% CO2. 10% CO2 barely has any effect on the
response, which means a very low selectivity of porous NiO electrode to CO2. This result reveals that either
the absorption of CO2 is low, or CO2 doesn’t participate in the electrochemical reactions to build mixed
potential, which is coincident with our speculation that CO is reduced to C and O2- instead of oxidized to
CO2 on NiO. The effect of CH4 on the sensing performance of CO is shown in Fig. 32(b). It is seen that
CH4 in the atmosphere increases the signal fluctuation. However, CH4 doesn’t change the average sensing
response to CO. Furthermore, after shutting off CH4, the fluctuation starts to fade out which means the
effect of CH4 on the CO sensing is reversible.
The effect of H2O on the sensing performance of CO is shown in Fig. 32(c) and (d). The only difference
between Fig.32(c) and (d) is the total sample gas flowrate. In Fig. 32(c), the sensitivity to CO was greatly
reduced due to the existence of 2% steam. The total flowrate was increased to improve the sensitivity
according to the results shown above about the beneficial effect of flowrate. It is seen in Fig. 32(d) that
above 100 ppm CO, the sensitivity is relatively low. In contrast, the NiO electrode shows greatly improved
sensitivity to the low CO content range (0-100 ppm) compared to sensing results shown above. One
possibility is that the coverage of H2O-related absorbates is high, leading to an easily saturated CO
absorption, thus making the electrode less sensitive to higher CO contents
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Figure 32 CO sensing tests of the 30% PF NiO electrode at 1000℃ and 3% O2 when including the effect of other gases (a) 10%
CO2 (b) ppm-scale CH4 (c) 2% H2O with 200 sccm total flowrate and (d) 2% H2O with 400 sccm total flowrate

4.7 Stability
Fig. 33(a) presents the initial sensing behaviour to CO at 2% O2 and 1000 ℃ for a 30% PF NiO sensor
sample that is used to operate for a stability test as shown in Fig. 33(b). Fig. 33(b) shows the 11-day stability
test for the porous NiO sensor to 200 ppm CO at 1000 ℃ and 2%O2. During this period, although a bit
larger fluctuation occurred after day 5, the sensor showed overall good stability, demonstrating its good
potential for a long-term run
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Figure 33 The initial sensing behavior to CO at 2% O2 and 1000℃ before a stability test. (b) the 11-day stability test for the 30%
PF NiO sensor to 200 ppm CO at 1000 ℃ and 2%O2

4.8 Summary
In this chapter, NiO was systematically examined for its performance on CO sensing in extremely high
temperatures of 1000 ℃, 1100 ℃ and 1200 ℃. Sensitivity, response time, durability and selectivity were
tested. Factors that potentially affect these behavior parameters were also evaluated, which include gas
transport condition, electrode area, temperature and oxygen partial pressure.


Developed a high-performance CO sensor based on NiO as the sensing material for the extremely
high temperature range delivering notable and fast responses to 1000 ppm in 3% O2: 109 mV
@1000 ℃, 40 mV @1100 ℃, and 7 mV @1200 ℃, which is a surprising performance. Some
performance comparison with results in literature is shown in Table 1.



Some summaries about the trends of factors examined affecting the CO sensing of NiO:
o

If not to lower the SE temperature, a smaller position of inlet gas tube, a higher feed gas
flow rate, and a thinner electrode thickness led to a better sensor sensitivity
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o

20% PF NiO is the porosity that offers the highest CO sensitivity than 30% PF NiO sample.

o

Temperature increase leads to the decreased the sensitivity possibly.

o

Oxygen content decreases CO sensitivity. However, the effect of oxygen content is not so
strong.



NiO was insensitive to even 10% CO2. CH4 has not shifted the average value of CO sensing
response. However, it made the sensing process unstable due to the enlarged signal fluctuation. 2%
Steam exerted a great influence on NiO’s sensing: porous NiO electrode showed relatively small
variations with the CO content changing from 100 ppm to 1000 ppm; in contrast, the sensitivity of
porous NiO electrode to low CO range of 0-100 ppm was enhanced significantly.



The 11-day stability test to 200 ppm CO at 2%O2 and 1000 ℃ demonstrates its promising potential
of stable performing.
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Table 1 Comparison of responses to ppm CO in various atmosphere and temperature

Sensing

Sensing

Materials/electrodes temperature

CO conc.

Oxygen conc.

|Response|

(ppm)

(%)

(mV)

Reference

(℃)
NiO

1000

1000

3

80

This work

Nano ZnO

700

400

15

50

[63]

Cr-Fe based spinel

450

100

21

87

[59]

Zn-Sn-O oxide

600

1140

20

90

[58]

NiFe2O4

350

1000

-

99

[57]

Tin-doped

613

510

Air

72

[56]

Layered Au-Pt YSZ

600

1000

5

80

[55]

Rh-YSZ

700

400

5

65

[54]

Oxides

Indium oxide
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5.1 Mechanism of CO Sensing of NiO above The
Inversion Temperature
It is noteworthy that there is a positive relationship between the sensing response and CO concentration for
NiO electrode as seen in the chapter 4. This phenomenon is opposite to other published results in works of
mixed potential-type CO sensor.[59, 63, 65, 66] Mixed potential of an electrode is known to be established
via electrochemical redox reactions occurring over the electrode. For scenarios that are commonly seen in
literature [54-64], the mixed potential is formed due to CO oxidation and oxygen reduction, as illustrated
by the black lines in Fig. 34(a). In this case, the mixed potential will go negatively with the increasing CO
content. However, in this present work, we find that the measured mixed potential is increasing when the
CO concentration goes up. Therefore, as shown by the red lines in Fig. 34(a), there should be a CO-involved
reduction reaction occurred over the NiO surface, because only cathodic reactions can cause the mixed
potential to increase. Thus, at this point it is unknown what is the specific reduction reaction is happening,
we think that the reduction of CO to carbon and oxygen ions is one possibility.
Fig. 34(b) shows that the variations of the standard potentials (corresponding to the standard Gibbs free
energies) with the temperature changes, for the reduction of CO2 into either CO + O2 (the green line) or C
+ O2 (the red line) in standard condition, as represented in NIST-JANAF table.[67, 68] Thus, the standard
ΔG of the CO reduction (CO  C+ ½ O2), which is shown as the blue line in the figure, can be obtained
by using the red line minus the green line. Therefore, the intersection that is marked by the dash line at
700 ℃ means that, under standard condition and at 700 ℃, CO, O2, and C are in equilibrium and their
concentrations remain unchanged. Furthermore, when temperature is higher than 700 ℃, CO has the
tendency to decompose into carbon and oxygen, although the driving force of CO oxidation is still high
when a certain amount of oxygen exists as indicated by the green line. Therefore, the thermodynamics
explicitly displays the driving force of CO reduction (or decomposition) is larger when temperature goes
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higher. However, since we have CO, CO2, O2 and C together with 3 reactions involved in this work, what
is the detailed mechanism related to NiO’s CO sensing will be addressed and presented later.

Figure 34 (a) The schematics of the establishment of mixed potential of a CO sensing electrode. (b) theoretical calculation of free
energy for CO2 reduction to carbon and carbon monoxide

5.1 Electrochemical Measurement
5.1.1 Inversion Phenomenon of CO-NiO Reaction and The Inversion Temperature
To test this hypothesis of CO reduction, we measured the signal changes of the porous NiO electrode at
different temperatures from 700 ℃to 1000 ℃with other conditions unchanged, as shown in Fig. 35(c)-(f).
It is obvious that below 900 ℃, the sensing behavior shows a negative correlation of the measured signal
and CO concentration. However, when the temperature rises to 900 ℃ or higher, the opposite behavior
occurs. This reversion at some extent supports our hypothesis that CO reduction may happen at higher
temperatures and suggests that 900 ℃ may be the break-in point at which CO reduction starts to occur.
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Figure 35 (a)-(d) CO sensing testing for porous NiO in different temperature from 700 C to 1000 ℃

To further explore the inversion phenomenon demonstrated in Fig. 35, steady state EMF measurements
were conducted of NiO and platinum to 2% O2 bal. N2 with/without 1500 ppm CO under the continuously
changed temperatures, as shown in Fig. 36. Platinum electrode shows a great agreement with the Nernst
potential values, while NiO in the zero CO atmosphere shows higher EMF values than Nernst potential,
indicating the higher oxygen coverage on the NiO surface. However, the EMF values of NiO in the 1500
ppm CO containing atmosphere exceeds that of without CO, pointing in an inversion temperature point at
around 875 ℃. Fig. 36 clearly demonstrate the inversion phenomenon that occurred on NiO, which will
not happen if the mixed potential is generated from the CO oxidation.
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2% O2 bal. N2 with/without 1500 ppm CO

Figure 36 Steady state EMF of NiO and Pt to 2% O2 bal. N2 under different temperatures

5.1.2 Polarization Curve and EIS for NiO in Atmospheres with/without CO below and above
The Inversion Temperature
To further elucidate the possible mechanism, polarizations were conducted at different CO content under
800 ℃ and 1000 ℃ and 3% O2 for a porous NiO sensor sample, as shown Fig. 37(a) and (b). The OCV
values under each CO content show the same trend with the sensing result shown above. More detailed
information can be found on the modified polarization curves that are obtained by subtracting the
polarization curve of SE in baseline gas from that in the sample gas, as shown in Fig. 37(c) and (d). The
modified polarization curves exclusively elucidate the polarized behavior of SE due to targeting gas. In
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agreement with the proposed mechanism that CO is reduced, the modified polarization curves to 400 ppm
and 800 ppm CO at 800 ℃ exhibit anodic currents, while at 1000 ℃ they display cathodic currents.
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Figure 37 The polarization curve at different CO content and 3% O2 for one porous NiO sensor sample at (a) 800 ℃ and (b)
1000 ℃. Polarization curve of NiO electrode to 3% O2 base gas, and modified polarization curve to 400 ppm CO and 800 ppm
CO at c) 800 ℃ and d) 1000 ℃

To further investigate what is the specific CO reaction occurring over NiO above the inversion temperature,
the open circuit potential EIS of NiO electrode is performed in feed gas of 3%O2 and varied contents of CO
at 800 ℃ and 1000 ℃, as shown in Fig. 38(a), (b). At 800 ℃, the addition of CO slightly increases the
reaction resistance, as presented in Fig. 38(a). This could be ascribed to the decreased coverage of adsorbed
oxygen over NiO, since a small amount of adsorbed oxygen is consumed by CO, and reactions of oxygen
redox pair are the main contributor to the EIS signal. Fig. 38(c) displays the open circuit potential EIS for
NiO electrode in base gas with varied oxygen content at 1000 ℃. The oxygen content increase only
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marginally decreases the reaction resistance. This suggests that oxygen molecule dissociation and
adsorption at such high temperatures is weak. However, an evident contrast is that, at 1000 ℃, the addition
of CO significantly reduces the reaction resistance, suggesting a markable amount of adsorbed oxygen
species is generated. Therefore, the following half-reaction (Eq. 13) is proposed concerning CO reduction,
coupling the oxygen revolution reaction (Eq. 14) to form a positively shifted mixed potential regarding
baseline.
2−
2−
CO + 2e → C + 𝑂𝑎𝑑
/ 𝑂𝑠𝑢𝑟𝑓𝑎𝑐𝑒−𝑙𝑎𝑡𝑡𝑖𝑐𝑒
(13)

1

2−
2−
𝑂𝑎𝑑
/ 𝑂𝑠𝑢𝑟𝑓𝑎𝑐𝑒−𝑙𝑎𝑡𝑡𝑖𝑐𝑒
→ 2e + 2 O2 (14)

Figure 38 OCP EIS results of NiO electrode to feed gas containing 0 ppm, 400 ppm and 800 ppm CO at a) 800 ℃ and b)
1000 ℃. (c) OCP EIS results of NiO electrode in base gas with varied oxygen content
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The results of CO2 effects on sensing behavior of NiO under different temperatures can further justify the
proposed mechanism, as shown in Fig. 39. At 800 ℃, the existence of CO2 clearly lowers the measured
EMF values, indicating an enhanced sensing response of NiO electrode to CO. This might be because the
adsorption of CO2 is competing with O2 adsorption, leading to a lowered oxygen coverage and thus a
compromised oxygen reduction activity. According to the background described in Fig. 7 in Chapter 1.3.1,
a reduced oxygen reduction activity would lead to a promoted CO sensitivity. In contrast, at 1000 ℃, there
is essentially no difference between the sensing signal to CO of NiO for conditions with or without CO2,
which is in agreement with the proposed mechanism that CO2 is not a reaction product. The detailed
influence of CO2 on NiO sensing behavior at 1000 ℃ is demonstrated in Fig 39(c).

56

(a)

(b) 60
Temperature: 1000 °C

Temperature: 800 °C

-120

Gas composition: 3% O + CO + ppm CO, bal. N
2

2

Gas composition: 3% O + CO + ppm CO, bal. N
2

2

40

Total flow rate: 200 sccm

-100

2

Sample info: 20% PF-T1

Sample info: 20% PF-T1

20
0% CO

2

10% CO

-60

EMF (mV)

-80

EMF (mV)

2

Total flow rate: 200 sccm

2

-40

0% CO

0

2

10% CO

2

-20

-20
-40
0
0

200

400

600

800

0

CO content (ppm)

(c)
60

10 % CO2
800 ppm

800 ppm

600

800

Temperature: 1000 °C
Gas composition: 3% O2 + ppm CO + CO2, bal. N2
Sample info: 20% PF-T1

600 ppm

40

EMF (mV)

400

CO content (ppm)

0 % CO2

1000 ppm

200

20

400 ppm

400 ppm

0

200 ppm

-20

200 ppm

100 ppm

-40
0

1000

2000

3000

4000

5000

6000

Time (s)

Figure 39 Sensing behavior of NiO to CO2 containing atmosphere compared to zero CO2 atmosphere at a) 800 ℃ and b)
1000 ℃(c) Sensing behavior (EMF vs. Time) of NiO affected by CO2 at 1000 ℃

5.2 Mass, Microscopic and Structural Characterizations
Since the proposed mechanism also claims the generation of carbon over NiO in addition to oxygen ions
(Eq. 13), this mechanism would be strongly supported if carbon is detected. Therefore, to amplify the
outcome of CO-NiO interaction above the inversion temperature, a 3-day atmospheric treatment at 1000 ℃
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is applied to two NiO sensor samples, with one annealed in base gas (2% O2, bal. N2) and the other one
annealed in the corresponding sample gas containing 1000 ppm CO. Fig. 40(a) shows the XRDs for the two
treated samples, which do not show any obvious difference for the two treated NiO electrodes. Similar
results of thermal gravimetric analysis (TGA) measurements are found in Fig. 40(b), which shows that NiO
does not show any distinct characteristics from the background testing. Since XRD and NiO are more of
characterizations for bulk information, surface related measurements should be applied.
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Figure 40 (a)XRD results of NiO electrodes before and after 3-day atmospheric treatments at 1000 ℃ with CO. (b) TGA results of
NiO annealed in feed gas composed of 1500 ppm CO + 2% O2 bal. N2 at 800 ℃ for 5 h and then 1000 ℃ for 6 h
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Fig. 41 (a)-(b) show the as-prepared porous NiO structure before sensing testing using SEM. It is seen that
the NiO particles are well-crystalized since facets and stairs can be clearly observed. Fig. 41 (c)-(f) show
the SEM images of spent NiO after annealing in 1000 ppm 2% O2 for 12 h. It is seen from the (e) and (f),
some tiny particles were grown on the NiO surfaces. Fig. 42 is the TEM images showing that the
precipitated tiny particles may be certain amorphous phase, which is possibly amorphous carbon.

Figure 41 SEM images of as-prepared porous NiO structure (a)-(b) before sensing testing. (c)-(f) spent NiO after annealing in
1000 ppm 2%O2 at 1000 oC for 12 h, with different magnitudes.
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Figure 42 Spent NiO after ppm CO in 1%, 2% and 3% O2 testing and after annealing in 1000 ppm 2% O2 at 1000 oC for 1 h, with
different magnitude.

Fig. 43 shows SEM images of different positions of the spent NiO over sensor surface after annealing for
24 h at 1000 ℃ and atmosphere of 1000 ppm CO and 2% O2 balanced by N2. The morphologies of different
positions of the spent NiO surface are different, demonstrating the different stages of the CO-NiO
interactions. In the center of NiO surface, needle-like phases grown or precipitated from NiO surface are
very clear. Much fewer needle-like phases can be seen at the intermediate point of center and edge of NiO
surface. NiO particles are full of holes at the edge, which may demonstrate what looks like the initial stage
or nucleation process of the CO-NiO reaction.
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Fig. 44 shows the magnified SEM images of the needle-like phases. It is seen that these phases are
preferentially grown on steps or edges rather than on the facets. This is reasonable because steps and edges
are places having more defects and thereby higher surface energy and catalytic reactivity. However, the
fact that the facets are somehow invulnerable to CO may indicate that the CO-NiO reaction is not intense.

Figure 43 SEM images of different positions over the spent NiO sensor surface after annealing for 24 h at 1000oC and
atmosphere of 1000 ppm CO and 2% O2 balanced by N2.

Figure 44 The magnified SEM images of the snitch-like phases
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Fig. 45 shows the color change of treated NiO electrodes when CO exists in the atmosphere. NiO becomes
darker when the treatment gas contains 1000 ppm CO, while the color of NiO treated in the base gas is
nearly identical with the as-prepared sample. According to literature [69], excessive oxygen in the NiO
structure would cause the color of NiO to be darker. Although Fig. 5a does not suggest the production of
carbon, it supports the mechanism since more oxygen is possibly generated

Figure 45 Photographic images of sensor samples after 3-day atmospheric treatments at 1000 ℃ with CO and without CO.

5.3 Compositional Characterization
Since we speculate the carbon deposition would occur on the NiO, the depth XPS were conducted to
demonstrate the composition change. As shown in Fig. 46, carbon exists in NiO after 10 times 1-min
sputtering for the sample annealed at 1000 ppm, while for the sample only annealed in 2% O2, carbon is not
detected after the 1st Ar+ etching, the signal of which is due to the surface carbon contamination. Therefore,
we have XPS results supporting the CO reduction reaction possibly occurred at 1000 ℃. Because of this
mechanism is not fully in agreement with the normal sense, whether the CO reduction is occurred cannot
be confirmed only by color change or XPS results. More sophisticated characterizations should be designed
and conducted.
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Figure 46 Depth XPS results of the C 1s peak for the samples annealed at 1000 ℃ 2% O2 bal. N2 with 1000 ppm CO for 3 days
(left) and at 1000 ℃ 2%O2 bal. N2 without 1000 ppm CO for 3 days (right)

5.4 Effect of YSZ Infiltration on NiO Sensing Behavior
Infiltration of good oxygen conductors into NiO would form a composite NiO electrode showing enhanced
ORR activity than pure NiO. To further justify whether the increased ORR activity of SE would lead to
depressed sensitivity, different loadings of YSZ into NiO were conducted. Fig. 47(a) demonstrates the
influences of YSZ infiltration on the sensing behavior of NiO SE, showing that the sensor sensitivity is
reduced by the increase of YSZ loading mass. This result agrees with what commonly are reported, in which
a better ORR SE reduces SE sensitivity since the oxygen ion activity is enhanced and thus a same current
change due to CO content variation would lead to a smaller measured potential change.
Meanwhile, EIS results of the un-infiltrated and the 2 times YSZ infiltrated NiO electrodes in base gas are
shown in Fig. 47(b). without CO, the reaction resistance is lowered due to the YSZ infiltration is because
of the increased oxygen ions activity, which supports the proposed claim in this work that in CO-containing
atmosphere, the reduced polarization resistance is due to CO decomposition releasing oxygen ions.
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Figure 47 (a) Comparison of EMFs (sensing behavior) vs. Time at 1000 C considering the effects of YSZ infiltration. (b) EIS
results of un-infiltrated and 2 times YSZ infiltrated NiO electrodes in base gas with the composition of 3% O 2 bal. N2 at 1000 ℃.

5.5 CO Sensing of Other Oxides above the Inversion Temperature
Investigation the CO sensing behavior of other oxides help a better understanding of CO sensing mechanism
above the inversion temperature. The EMF values (namely, sensing signal) of ZnO, TiO 2 and perovskite
LSM in both base gas and sample gas atmospheres at 925 ℃ – 1000 ℃ (all above the inversion temperature)
are demonstrated in Fig. 48.
ZnO and TiO2 exhibit the similar results with NiO. When CO is introduced in base gas at temperatures
higher than the inversion temperature, EMF values are increased relative to the baselines, supporting the
proposed CO reduction mechanism. However, it is worth noting that when using a perovskite LSM as the
sensing electrode, its CO sensing behavior is similar with that of metal electrodes such as Pt. The slight
decrease of EMF values of LSM in sample gas compared with that in base gas indicates that CO is oxidized,
leading to a decreased oxygen concentration in sample gas and lowered EMF values. Additionally, as seen
in Fig. 49, the EIS results of ZnO, TiO2 and LSM in base gas and sample gas at 1000 ℃ also support the
CO reduction occurring over ZnO, TiO2, while CO oxidation happened over LSM, since the existence of
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CO decreases the reaction resistances of ZnO and TiO2 due to the formation of oxygen ions, however,
increases LSM’s reaction resistance due to the consumption of oxygen ions.
More importantly, the contradicting phenomena indicates that whether CO is under oxidation or
decomposition is related to the electrode materials or to say surfaces, which is weird since a thermodynamic
trend is only related to status parameters, which should be irrelevant to material choice. Therefore, the
contrasting results lead us to examine the surface processes of CO-electrode interactions, rather than a broad
picture that only considers overall reactions.

Figure 48 EMF values of ZnO, TiO2 and LSM in base gas and sample gas at temperatures above the inversion temperature.

65

Figure 49 Open circuit potential EIS results of ZnO, TiO2 and LSM in base gas and sample gas at temperatures above the
inversion temperature

5.6 CO-NiO and O2-NiO Interactions and Mechanism
Examining how the mixed potentials of NiO varies with CO contents and O2 contents helps to know what
limiting steps are related to CO-NiO interaction and O2-NiO interaction, respectively. In the higher CO
content region, responses of NiO are linear to the logarithm of CO concentration, as shown in Fig. 50(a).
This indicates that electrochemical reaction is probably the rate-limiting step for CO sensing of NiO at
1000 ℃, since in this high temperature gas diffusivity is adequate. In contrast, Fig. 50(b), (c) demonstrates
that the measured potentials are clearly neither linear to the logarithm of oxygen concentration nor linear
to oxygen concentration, suggesting that a weak chemical adsorption of oxygen over NiO surface is
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possibly the rate-limiting step of the oxygen-NiO reaction, rather than electrochemical reaction or gas
diffusion. This is reasonable because at such a high temperature the sticking probability of oxygen would
be notably decreased [70].

Figure 50 (a) Sensing Reponses vs. CO concentrations. EMF responses vs. O2 concents in (b) logarithmic scale and (c) linear
scale.

Therefore, since different surfaces have varied CO and oxygen adsorption, and their dependence on
temperature is also distinct, we focus more on the surface thermodynamics, rather than the normal one as
descripted Fig. 34(b)). Thus, in stead of considering the reactions and driving forces of molecular CO, O2,
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CO2 and C, it is preferential to examine their adsorbed species, such as COad, Oad2-, CO2,ad, and Cad.
Therefore, we propose the mechanism as shown in Fig. 51. Pt and LSM are known to a good oxygen
adsorption. Thus, the coverage of oxygen adsorbed species (Oad2-) on LSM would be much higher than the
absorbed CO (COad) (step 1 in Fig. 51(a)). This leads to a higher driving force of CO oxidation forming
CO2 (step 2&3 in Fig. 51(a)). In contrast, on surfaces of NiO, ZnO, and TiO2, the adsorption of oxygen is
weak, while the adsorption of CO is more energetically favorable. Thus, the coverage of CO (COad) is much
higher than Oad2- (step 1, Fig. 51(b)), resulting in more favorable energy for the CO decomposition (step 2,
Fig. 51(b)). Therefore, CO is decomposed over these surfaces with a portion of carbon diffuses into the
lattice of electrode materials (step 3, Fig. 51(b)).

Figure 51 Mechanisms of CO sensing over Pt / LSM surfaces (a), and over NiO / ZnO / TiO2 surfaces (b)
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5.7 Summary
In this chapter, the mechanism of NiO’s “abnormal” sensing behavior at 1000 ℃ to 1200 ℃ is explored.
We propose that the inversed sensing behavior, different from the common theory based on CO oxidation
coupled with oxygen reduction, is attributed to the reversed reactions: CO reduction coupled with oxygen
revolution. For the first time, an inversion temperature is found for the CO-NiO reaction. Below the
inversion temperature, CO oxidation occurs as commonly presented. Above the inversion temperature, CO
is electrochemically reduced over NiO into carbon and oxygen ions, evidenced by electrochemical and
compositional characterizations.
In detail, the modified polarization curves to 400 ppm and 800 ppm CO at 800 ℃ exhibit anodic currents,
while at 1000 ℃ they display cathodic currents. Differences of EIS results of NiO at 800 ℃ and 1000 ℃
in CO-containing atmosphere demonstrate that CO releases oxygen ions over NiO surface considerably at
1000 ℃ because the resistance reaction is significantly reduced when CO exists. At 800 ℃, the existence
of CO2 clearly lowers the sensing response of NiO electrode to CO because CO2 is the product of CO
oxidation. In contrast, at 1000 ℃, there is no difference between the sensing signal to CO of NiO for
conditions with or without CO2, which agrees with the proposed mechanism that CO2 is not a reaction
product. The depth resolved XPS results of carbon of NiO electrodes treated at 1000 ℃ under sample gas
and base gas atmospheres prove that the carbon is produced via CO decomposition and dissolves into NiO
lattice. These observations justify a mechanism that CO is electrochemically reduced over NiO into carbon
and oxygen ions. The CO reduction reaction coupled with the oxygen revolution reaction leads to the
positive relationship between the NiO electrode’s mixed potential and CO content.
CO sensing behavior testing are also conducted for ZnO and TiO2 and LSM. ZnO and TiO2 exhibit the
similar results with NiO, showing the inversion phenomenon and supporting the proposed CO reduction
mechanism. However, the perovskite LSM as the sensing electrode shows the CO oxidation sensing
behavior. The contradicting phenomena indicates that whether CO is under oxidation or decomposition is
related to the electrode materials or to say surfaces. Therefore, instead of considering the reactions and
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driving forces of molecular CO, O2, CO2 and C, it is preferential to examine the surface thermodynamics
namely to consider their adsorbed species, such as COad, Oad2-, CO2,ad, and Cad. Thus, we believe that Pt and
LSM are known to a good oxygen adsorption capability. Thus, the coverage of oxygen adsorbed species
would be much higher than COad, leading to a higher driving force of CO oxidation to form CO2. In contrast,
as for surfaces of NiO, ZnO, and TiO2, the adsorption of oxygen is weak while CO adsorption is more
favorable. Thus, the coverage of COad is much higher than Oad2-, resulting in more favorable energy for the
CO decomposition.
The results complement CO sensing mechanisms for mixed potential sensors in high temperatures.
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Chapter 6 Application of the CO/O2/T Sensor in
Utility Boiler
Fossil fuels, i.e., coal and natural gas, will continue to play a dominant role in electricity generation in the
U.S. Incomplete combustion of fossil fuels causes the emission of carbon monoxide gas and hydrocarbons
(HC’s). There is a strong incentive to increase combustion efficiency and reduce pollution emissions.
However, simply increasing the air-to-fuel ratio by providing excess air is counterproductive, resulting in
increased NOx formation which then requires the addition of treatment systems and drives up the cost and
complexity of clean-coal technology. Ideally, some form of sensor technology to provide active feedback
to control and optimize the combustion is desirable. So far, the optimization of combustion process in
boilers is relatively far from satisfactory, because of the lack of a well-functioning sensor to monitor the
firing process. An advanced smart control system places very high requirements for in situ sensors because
they are expected to work in the extremely aggressive working condition. An ideal scenario is that sensors
can work in the temperature range of 1000 ℃ - 1500 ℃ and they are deployed across the whole boiler
because the combustion process is not equal among each local area. If we can monitor the local variations
of combustion, it is more efficient that we only need to adjust some specific burners responding to local
deficient combustions.
For now, the combustion process monitoring is mostly accomplished by oxygen monitoring alone. However,
a more accurate approach would be the concurrent measurement of the CO concentration directly. The
optimum condition for boiler is to operate at around 1-2% O2 and 100-200 ppm CO depending on fuel type,
which is near the stoichiometric point with highest efficiency in safe operation. Therefore, a combined CO,
O2 and temperature sensor device is developed, named as CO/O2/T sensor, and was tested in a utility boiler
of Longview (a coal-fired power plant).
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6.1 Lab-scale CO/O2 Sensor Fabrication and Testing
The mixed potential-type CO/O2 sensor structure is shown in Fig. 52(a), which consists of an 8YSZ
electrolyte, a NiO and a porous Pt sensing electrode in the sensing side, and a porous Pt reference electrode
in the reference side. Two-compartment configuration for lab-test, as shown in Fig.52(b), was made via
using two identical silica tubes pressing against the sensor pallet. Mica O-rings were positioned between
SiO2 tubes and the sensor pellet to obtain a good sealing. The outer diameter of the silica tubes matched the
diameter of the sensor pallet. In the sensing side, two stainless steel tubes were flowed with two gases: one
is 2000 ppm CO gas balanced with N2, the other one is the air and N2 mixture. In the region near the sensor,
the two stainless steel tubes were welded together with 3 cm in length for the gas mixing. 1 cm is the
distance between the tube and the sensing electrodes. Gas response of the sensor was measurement in the
atmosphere of 0-1000 ppm CO and 0.5%-3% O2 balanced by N2 with 200 sccm (standard cm3/min) total
flowrate at temperature of 1000. NiO and SenPt were exposed to the sample gas while RefPt electrode
always was exposed to air.
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Figure 52 (a) structure of the YSZ-based mixed potential sensor consisting of YSZ electrolyte, NiO sensing electrode, Pt sensing
electrode and reference electrode. (b) lab test configuration for the CO sensing testing.

Fig.53 shows SEM photographs of the cross-sections of as-prepared dense NiO electrode/YSZ interface,
porous NiO/YSZ interface and SenPt/YSZ interface, with the thickness of each electrode shown. It is seen
from Fig. 53(a) that although some defects exist over surface, the NiO film is quite dense. Therefore, we
can say that the majority of the sensing signal of the dense NiO electrode comes from the TPB (three-phase
boundary), which is the outer circle of the contact of dense NiO electrode and YSZ. Fig. 53(c) represents
the morphologies of SenPt and RefPt electrodes because we controlled the same process parameters for
their fabrication.
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Figure 53 SEM images of cross-sections of YSZ electrolyte and (a) dense NiO electrode, (b) porous NiO electrode and (c) porous
Pt electrode

Fig. 54 (a)-(d) show the representative sensing behavior to CO of 4 electrodes, dense NiO, porous NiO,
porous AuPd alloy and SenPt, at atmospheres varying between 0-1000 ppm CO and 0.5%-3% O2 at 900 ℃
and 1000oC with the total flowrate of 200 sccm. As expected, AuPd and SenPt do not show satisfactory
sensitivity to CO and the potential values are close to the theoretical Nernst potential (-58 mV for 2%O2 at
900 ℃ and -53mV for 3%O2 at 1000 ℃). It is because the temperature of above 900 ℃ is such high that
the CO oxidation over metallic electrode surfaces is very fast. It is possible that very few CO reaches the
TPB area and thereby the potential signal only comes from oxygen concentration. Also, the electrochemical
activity of oxygen reduction reaction is supposed to be high, so that the formed mixed potential wouldn’t
deviate much from its equilibrium oxygen potential. Both scenarios could contribute to the insensitivity to
CO for the two metallic electrodes in this high temperature.
In contrast, both dense NiO and porous NiO electrode exhibit obvious sensing ability to CO at 1000 ℃ and
0.5%-3% O2, as seen in Fig. 54(a), (b), (e) and (f). Although the porous NiO demonstrates superior
sensitivity to CO as shown in Fig. 54(b), its response time (t90=254s) is not so good as that of the dense
NiO (t90=14s). At first glance, this can be ascribed to the porous structure hindering the gas transport and
prolonging the duration to the stable state. However, with no strong current flow, gas diffusion should be
rapid. It is more reasonable to claim that the long time constants for changes in EMF after a step in CO
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concentration reflect slow kinetics of surface processes and possibly bulk processes in the NiO. T90 for
porous NiO tends to increase with the increased oxygen content, while t90 for dense NiO doesn’t have a
specific dependence on oxygen. This is also possibly because of the microstructure. For dense NiO, while
there is no CO consumption within the electrode, the adequate reactants can reach the 3PB region and
therefore t90 reflects the electrochemical reaction kinetics. However, this is not the case for porous NiO.
Higher oxygen concentration results in less CO reaching 3PB, intensifying the effects of slow surface
kinetics and bulk process and thus increasing the t90. Similarly, the above discussion of the effect of porous
structure could help to understand the results shown in Fig. 54(e) and (f), which exhibit the relationship of
the sensing response with CO concentration. For dense NiO, it basically shows the linear relationship of
∆Vs with the logarithm of CO, although in the case of 2% O2 a good linearity is only seen for the CO
content ranging from 200 ppm to 1000 ppm. In contrast, the non-linearity is relatively more dominant for
the porous NiO electrode, which reveals that the slow surface process plays a role in the sensing kinetics as
we discussed in the chapter 5.
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Figure 54 Sensing behavior to CO of, (a) dense NiO, (b) porous NiO, (c) porous AuPd alloy and (d) SenPt, at atmospheres
varying between 0-1000 ppm CO and 2%-3% O2 at 900 ℃ and 100 ℃ with the total flowrate of 200 sccm. The sensing response
to CO concentration for (e) dense NiO and (f) porous NiO. (g) Response t90 variations vs. oxygen content for both dense and
porous NiO

.
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6.2 First trial of the CO/O2/T sensor in Longview’s utility boiler
The design of sensor tested in the Longview Power utility boiler is illustrated in Fig. 55. In this design, the
outermost layer is a stainless-steel shield, which is used to prevent the water spray from contacting the inner
alumina tube. Water spray is a standard periodically procedure to remove the oxides formed on the watercooling wall. If the water contacts the alumina tube of our sensor design, the huge temperature gradient
would crack or shatter the alumina tube. Between the outer stainless-steel shield and the inner alumina tube
is asbestos which is used to buffer the collision between the stainless-steel shield and the alumina tube
because in the utility boiler, the firing process results in violent shakes of the water-cooling wall. The
combined application of the stainless-steel shield and alumina tube is to make a safe chamber for the fragile
sensor top, protect it from water spray and mechanical shaking. The sensor is all made of ceramic materials
which is extremely vulnerable to thermal shock. Ni-Cr thermal couple was used to determine local
temperature of our sensor.
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Figure 55 Illustration of the sensor and package design for the utility boiler test in Longview Power

Fig. 56 shows the sensing test result of the designed sensor assembled in Longview’s utility boiler. The
duration of the testing is approximately 20 hours. In the first hour, the connection between FluePt electrode
and RefPt electrode was broken. After 20 h testing, the connection between NiO electrode and RefPt
electrode was broken, resulting in the whole testing shutdown. The signal (potential difference between
NiO and RefPt) from NiO electrode was shown in Fig. 56(a). An abrupt drop of signal can be observed
after 1 h testing. We speculate that after 1 h test, the wire of NiO electrode was contacted with FluePt
electrode, leading to the signal of NiO being overridden by the signal of FluePt electrode. Therefore, in this
testing, we believe that only the first 1 h data could be viewed as valid and needs to be further analyzed.

78

Figure 56 Sensing test result of the designed sensor assembled in Longview’s utility boiler. (a) potential difference between NiO
electrode in the sensing side and RefPt electrode in the reference side, which is designed to measure the concentration of CO. (b)
potential difference between FluePt electrode in the sensing side and RefPt electrode in the reference side, which is designed to
measure the oxygen partial pressure. (c) Zoom-in on the data of the first hour (a).

First thing we need to look at is the signal of FluePt electrode as shown in Fig. 56 (b). Because Pt is a highly
active electrode in high temperature, many kinds of gases such as hydrocarbons, CO and NO would be fully
oxidized over the top surface of Pt. The only active gas arriving at the Pt/YSZ TPB interface is oxygen,
therefore Pt is regarded as an excellent oxygen concentration sensor in high temperature. So what we get
from Fig. 56(b) is the oxygen concentration in the boiler. After compared with the lab-testing data, -45 mV
at around 1000 ℃ means 2.5%-3.5% PO2. This value of oxygen concentration is in a good agreement with
the reported value in the coal-fire power plant boiler.
Then what’s worth noting is the data shown in Fig. 56(c), which would be the signal we assume coming
from CO in the boiler. After comparing with the lab-scale data, if we use exponential correlation, 20 mV
means 21607 ppm, which is not reasonable. If we use polynomial fitting for the lab-scale data the measured
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value of 20 mV corresponds to 2058 ppm CO. This value makes more sense. Actually, in the utility boiler
system, there are many factors needed to be considered. Although we exclude the effect of CO2 and some
hydrocarbons, we still need to know how other gases affect, such as carbon-rich ashes, H2S, SO2, NO, NO2
gases.
Fig. 52 shows images of the sensor after 20 h operation in the Longview’s utility boiler. It is clearly seen
that ashes covered the whole sensor top, indicating the extremely demanding condition in the boiler system.

Figure 57 Images of the sensor after 20 h operation in the Longview’s utility boiler
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6.3 The second trial of the CO/O2/T sensor in Longview’s utility boiler
Fig. 58 shows the 25-day sensing result at 8th floor of Longview’s boiler. Unfortunately, we lost a lot of
data of nearly 2 weeks because of the unexpected electricity shutdown at field place twice in Longview.
Thereby, although the sensor had been working, the data recording system was out of power.
At the beginning, the signal is 0 showing a short circuit of the connection in the outer part. Then, it was
fixed since we noticed the short circuit and adjusted the leading wires. Then, after 0.12-day (3 hours), the
signal gradually increases to a positive value, which is in agreement with the result of the last quarter
indicating the effect of CO. However, gradually the signal is going negatively and reaches a large negative
value of -0.3 V. This possibly means the CO effect is offset by other oxidizing reactions such as the burning
of hydrocarbon. This also could mean a composition change of NiO, which leads to the loss of sensor
sensitivity to CO. Fig. 59 show the sensor images after this near 1-month measurement. The dusts and ashes
fully cover the sensor head. In fact, this dust coverage is thick, hard and stiff. More importantly, the sensing
material NiO is nearly fully changed because the color of the NiO became yellow. At the end of the testing
period, the reading is zero, and the connection is broken after examination. The platinum wires were found
corroded severely after we took the sensor out.
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Figure 58 (a)25-day and (b) the first day sensing result at 8th floor of Longview’s boiler
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Figure 59 Sensor images after 25-day measurement

6.4 The Third Trial of the CO/O2/T sensor in Longview’s utility boiler
The 25-day infield measurement proves that the atmosphere in the boiler is extremely aggressive. Then we
conducted our 3rd trial to increase the durability of the sensor. The whole sensor structure is similar to the
previous one. But we changed the protective alumina tube to a stainless tube and placed some porous
refractory bricks on the top of the chamber to prevent the sensor materials from contacting the extreme
poisoning ashes and dusts. The structure and images are shown in Fig. 60.
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Figure 60 Modified sensor structure for improved durability. A stainless steel tube and porous refractory bricks were used

Fig. 61 shows the 3rd trial 2-week data of the boiler test on the field testing location. There is a large
fluctuation of the signal. This may be due to the violent atmosphere change in the sensor chamber as the
flue ash started to build up on the sensor shield. We suspect that the ashes and dusts blocked the porous
structure of the porous refractory bricks eventually, preventing the gas exchange between the boiler and the
sensor chamber.
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Figure 61 The 2-week data of the boiler test on the 8th floor from a modified sensor structure.

6.5 Summary
In this chapter, we endeavored to develop a combined CO, O2 and temperature sensor device, named as
CO/O2/T sensor, which was tested in a utility boiler of Longview (a coal-fired power plant).
The first trial of the testing is approximately 20 hours. In the first hour, the connection between FluePt
electrode and RefPt electrode was broken. After 20 h testing, the connection between NiO electrode and
RefPt electrode was broken, resulting in the whole testing shutdown. After compared with the lab-testing
data, -45 mV at around 1000 ℃ means 2.5%-3.5% PO2. This value of oxygen concentration is in a good
agreement with the reported value in the coal-fired power plant boiler. As for CO sensing data, if we use
polynomial fitting for the lab-scale data the measured value of 20 mV corresponds to 2058 ppm CO. This
value is reasonable. However, in the utility boiler system, there are many factors needed to be considered,
including hydrocarbons, carbon-rich ashes, H2S, SO2, NO, NO2 gases.
The second trial of utility boiler testing was 25 days. At the beginning, the signal is positive, which agrees
with our results. However, gradually the signal is going negatively and reaches a large negative value of 0.3 V. This possibly means the CO decomposition is minimized due to other oxidizing reactions such as
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the burning of hydrocarbon. This also could mean a composition change of NiO, which leads to the loss of
sensor sensitivity to CO, since the sensing material NiO is nearly fully changed because the color of the
NiO became yellow. At the end of the testing period, the reading is zero, and the connection is broken after
examination. The platinum wires were found corroded severely after we took the sensor out, suggesting the
severe conditions in the boiler.
The third trial was taken 2 weeks. We changed the protective alumina tube to a stainless tube and placed
some porous refractory bricks on the top of the chamber to prevent the sensor materials from contacting the
extreme poisoning ashes and dusts. A large fluctuation of the signal was observed. This may be due to the
violent atmosphere change in the sensor chamber as the flue ash started to build up on the sensor shield.
Ashes and dusts blocked the porous structure of the porous refractory bricks eventually, preventing the gas
exchange between the boiler and the sensor chamber
Images of the sensor after 20 h operation and 20-day in the Longview’s utility boiler, clearly indicats the
extremely demanding condition in the boiler system. 25-day testing shows that the dusts and ashes fully
cover the sensor head and dust coverage is thick, hard and stiff.
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7 Conclusion
In this work, we investigated the CO sensing behavior and mechanism of NiO as a SE for a YSZ-based
mixed potential sensor at 1000 ℃ to 1200 ℃ in simulated combustion conditions of a coal-fired power
plant. Based on the lab-scale testing, we developed a CO/O2/T sensor device to be installed and tested in a
utility boiler of Longview (a coal-fired power plant).
In chapter 4, NiO was systematically examined for its behabior on CO sensing in extremely high
temperatures of 1000 ℃, 1100 ℃ and 1200 ℃. Sensitivity, response time, durability and selectivity were
tested. Factors that potentially affect these behavior parameters were also evaluated, which include gas
transport condition, electrode area, temperature and oxygen partial pressure.


Developed a high-performance CO sensor based on NiO as the sensing material for the extremely
high temperature range delivering notable and fast responses to 1000 ppm in 3% O 2: 109 mV
@1000 ℃, 40 mV @1100 ℃, and 7 mV @1200 ℃, which is a surprising performance.



Some summaries about the trends of factors examined affecting the CO sensing of NiO:
o

If not to lower the SE temperature, a smaller position of inlet gas tube, a higher feed gas
flow rate, and a thinner electrode thickness led to a better sensor sensitivity. Sensitivity can
be also improved via increasing the feed gas flow rate and decrease the electrode thickness.

o

Since the trade-off of promotion of gas transport that increase the CO sensitivity and the
promotion of CO reaction that decrease the amount of CO reaching 3PB when increasing
sensing electrode’s porosity, 20% PF NiO is the porosity that offers the highest CO
sensitivity than 30% PF NiO sample.

o

Larger area of sensing electrode slightly increases the sensitivity, suggesting this is not the
dominant factor.



NiO was insensitive to even 10% CO2. CH4 has not shifted the average value of CO sensing
response. However, it made the sensing process unstable due to the enlarged signal fluctuation. 2%
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Steam exerted a great influence on NiO’s sensing: porous NiO electrode showed relatively small
variations with the CO content changing from 100 ppm to 1000 ppm; in contrast, the sensitivity of
porous NiO electrode to low CO range of 0-100 ppm was enhanced significantly. This may be due
to the decreased number of available adsorption sites for CO, which is preferrably occupied by
H2O-related species, making the CO-related absorbates easily saturated when CO content is higher
than 100 ppm.


The 11-day stability test to 200 ppm CO at 2%O2 and 1000 ℃ demonstrates its promising potential
of stable performing.

In chapter 5, We propose that the inversed sensing behavior, different from the common theory based on
CO oxidation coupled with oxygen reduction, is attributed to the reversed reactions: CO reduction coupled
with oxygen revolution. For the first time, an inversion temperature is found for the CO-NiO reaction.
Below the inversion temperature, CO oxidation occurs as commonly presented. Above the inversion
temperature, CO is electrochemically reduced over NiO into carbon and oxygen ions, evidenced by
electrochemical and compositional characterizations. The contradicting phenomena indicating that

whether CO is under oxidation or decomposition is related to the electrode materials or to say
surfaces, are found on NiO, ZnO and TiO2 and LSM. Therefore, instead of considering the
reactions and driving forces of molecular CO, O2, CO2 and C, it is preferential to examine the
surface thermodynamics namely to consider their adsorbed species, such as COad, Oad2-, CO2,ad,
and Cad. Thus, we believe that LSM are known to a good oxygen adsorption capability. Thus, the
coverage of oxygen adsorbed species would be much higher than COad, leading to a higher driving
force of CO oxidation to form CO2. In contrast, as for surfaces of NiO, ZnO, and TiO2, the
adsorption of oxygen is weak while CO adsorption is more favorable. Thus, the coverage of COad
is much higher than Oad2-, resulting in more favorable energy for the CO decomposition.
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In chapter 6, we endeavored to develop a combined CO, O2 and temperature sensor device, named as
CO/O2/T sensor, which was tested in a utility boiler of Longview (a coal-fired power plant).
The first trial of the testing is approximately 20 hours. After compared with the lab-testing data, -45 mV at
around 1000 ℃ means 2.5%-3.5% PO2. This value of oxygen concentration is in a good agreement with
the reported value in the coal-fired power plant boiler. As for CO sensing data 20 mV corresponds to 2058
ppm CO. This value is also reasonable. The second trial of utility boiler testing was 25 days. At the
beginning, the signal is positive, which agrees with our results. However, gradually the signal is going
negatively and reaches a large negative value of -0.3 V. This possibly means the CO decomposition is
minimized due to other oxidizing reactions such as the burning of hydrocarbon. This also could mean a
composition change of NiO, which leads to the loss of sensor sensitivity to CO, since the sensing material
NiO is nearly fully changed because the color of the NiO became yellow. The third trial was took 2 weeks.
some porous refractory bricks were added on the top of the chamber to prevent the sensor materials from
contacting the extreme poisoning ashes and dusts. A large fluctuation of the signal was observed. This may
be due to the violent atmosphere change in the sensor chamber as the flue ash started to build up on the
sensor shield. Ashes and dusts blocked the porous structure of the porous refractory bricks eventually,
preventing the gas exchange between the boiler and the sensor chamber. The aggressiveness of boiler
condition was demonstrated since the dusts, ashes fully covered the sensor head, dust coverage was thick,
hard, and stiff when the probe was took out
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